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ABSTRACT

A computer program is presented which predicts rotor response and
threshold of instability for a symmetrical rotor-bearing configuration
and given bearing spring and damping coefficients. The program also
calculates the bearing spring and damping coefficient from experimentally
obtained fluid film forces and rotor displacements. These coefficients
apply to bearings of similar geometry and are independent of the test

rotor configuration,

The test rig for the experimental part of this program has been
designed and is in manufacture. Also, bench testing of the Bently

proximity probes for improved accuracy is under way.

-jy~-



SUMMARY

During the present Quarterly reporting period, work has progressed
in the design and procurement of the new test rig components, in the

check-out testing of Bently gages, and in rotor-bearing response analysis,

All detailed manufacturing drawings of the new test rig, instrumentation,
and support structure have been completed, and parts are presently being
manufactured. In addition, instrumentation has been assembled for check-
out testing of Bently gages using the presently existing test rig, and this

testing is underway.

To guide test planning and for the purpose of generalizing experimen-
tally obtained bearing dynamic characterisitics, a rotor.response computer
program has been written and checked-out. This program makes it possible
to predict rotor-bearing response for arbitrary rotors if the bearing
dynamic characteristics and rotor configuration are known. The experimental
rotor response data can be used to obtain bearing dynamic characteristics
through use of the program. The latter data will be general, applying to
any rotor-bearing system having dynamically similar bearings to those tested.
The computer program is completely described, including input and output
data and progfam listing, Several examples are worked out demonstrating

the use of the different program options.

The program schedule is shown in Figure 1.

-y -
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Forecast

During the next Quarterly reporting period, the gage evaluation testing
will continue to completion, along with check-out and calibration of force
gages and the determination of loader-bearing torque by experimental testing.

All test hardware will be procured.

~-vii-



INTRODUCTION

The Space Power and Propulsion Section, in cooperation with the
Research and Development Center of the General Electric Company, has
been under contract since April 29, 1965 to the National Aeronautics
and Space Administration for the design, fabrication, and testing of
journal bearings which possess characteristics, e.g. stability under
zero radial load, required for use in space power systems. Require-
ments include long term unattended operation under zero ''g” conditions
using low kinematic viscosity lubricants such as potassium at temper-

atures from 600°F to 1200°F.

The program represents a continuation of work carried out under
contract NAS 3-211 (Reported in report NASA-CR-54039), and involves the
testing and evaluation of two bearings, the four pivoted-pad and the three-
lobe bearings, under conditions of angular and transverse linear mis-
alignment, and non-rigid bearing supports. Bearing testing shall begin
after the bearing test assembly, including instrumentation, has demonstrated

the ability to obtain the required data with acceptable accuracy.

The program is primarily experimental, and is paralleled by anal&tical
studies. These analytical investigations will compare the physical testing
of bearing parameters with results based on theoretical assumptions. The
goal of such experiments is to generalize the various bearing parameters
thereby extending the usefulness of the results as design tools., The
experimental tool of this program is a rotational speed test assembly
comprised of a rotor and two test bearings which permits interchangeability

of bearings and rotor. The lubricant will be distilled water, temperature-

-viii-



controlled to simulate the kinematic viscosity of potassium. The stability
behavior of the rotating shaft will be measured with non-contacting

Bently inductance gages.

The specific requirements of the system are:

1. Shaft speed 3600 to 30,000 rpm.

2, Inlet lubricant temperature 70 to 1500F

3. Inlet lubricant supply pressure 0 to 150 psia

4, Bearing linear misalignment 0 to 0.004 + 0.0005 in,
5. Bearing angular misalignment 0 to 400 + 12 sec.

6. Nominal bearing diameter 1.25 in.

7. Bearing L/D ratio 1

8. Diametral clearance 0.005 in,

The program will be performed in two taské, the first of which will
be the modification of the existing bearing test assembly and instrumentation
and a demonstration of the ability to obtain accurate data. Task II will
involve testing and analysis of the 4 pad pivot-pad and 3-lobed bearings.
Data shall be presented in a way to permit application to bearings of

similar design but of different dimensions.

The present report covers progress during the quarter ending October

29, 1965,

. <



I, MECHANICAL DESIGN AND TESTING

During this quarterly reporting period, detailed manufacturing
drawings of all test rig components, according to the configuration shown
in Figure 2, have been completed, and parts manufacture is presently
underway. This includes manufacture of the major test rig parts and
fittings, proximity gage holder assemblies, test shaft, assembly tooling,
and test rig support and envirommental structure. The delivery of completed

parts is scheduled for mid-December.

Test Rig Design and Procurement

The variable frequency motor and quill shaft arrangement to be
employed on this test are the same as that which was purchased (from
the Standard Electiical Tool Company, Cincinnati, Ohio) for use on the
previous Bearing Stability Investigation Program (contract NAS 3-2111),
The spindle of the rotor is hollow, through which is fitted a cylindrical
quill shaft, and held concentric to the drive spindle by Teflon bushings.
The quill shaft is attached to the drive spindle and the test shaft by
use of locking collets. The quill shaft twist is sensed by electromagnetic
pickups off two 18 tooth serrated disks, thereby indicating shaft torque
during operating. Quill shafts of various diameters will be used for
different ranges of torque.

The test shaft assembly comprises the shaft with an unbalance disk
at each end. The test shaft is being Manufactured from 420 stainless steel,

through-hardened to a hardness of RC 50 to 53. A total of 6 different
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diameters are being machined round within 0.000050 inches and concentric

within 0.0003 inches in the locations shown below,

Unbalance Unbalance
Weight Test Loader Test Weight
DTa Rig I Brg Rﬁg | Dia

} . 1 - : :
_ T I_ ' _ i _
T
: N N ] ]

During initial testing, the shaft will be balanced to a 0,01 gram-
inch (or better) condition of residual unbalance will subsequently be

*
established by inserting prescribed weights in the unbalance disks, -

A magnetic pickup will sense a notch in the upper unbalance disk,
the signal of which will be fed to the Z-axis of the oscilloscope monitoring
shaft orbit, thereby producing an intensified dot on the orbit. The
position of this slot identifies the angular position of the out-of-
balance load which can be compared to the angular position of the shaft
minimum film thickness to give phase angle. When the force buttons are

used, the attitude angle can be obtained.

The housing below the drive motor is the instrumentation section,
which houses the electromagnetic torque pickups. This housing was used
during the previous program, and has been modified to accommodate four new
Bently gage holder assemblies. - Large openings have been provided in the

side of this housing to facilitate shaft-motor assembly and disassembly,-

*Dynamic Balancer Model MU-6, Micro Balancing Inc., Farmingdale, N. Y.
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The main test rig assembly, supporting the test bearings, shaft,
loader bearings, and shaft position sensing gages is fabricated entirely
of 316 stainless steel, and is mounted in the test rig support structure
from its upper flange. Both test bearings are supported in the test
rig as follows. The test bearing is mounted in a close-fitting sleeve
(inner bearing housing) and is tightly secured against rotation or
axial motion by a set-screw. This inner bearing housing is equipped
with water lubricant feed ducting, and an annulus to distribute the
lubricant around the bearing (Figure 2). Also, the housing provides
for three internal thermocouples and a lubricant pressure tap. This
bearing-sleeve assembly is in turn, supported in an outer housing(which
is bolted to the casing) by eight''force button" assemblies, four
assemblies in each of two planes. The force buttons comprise disks
with strain gages attached té their back face which measure deflection
of the disk, and thereby indicate force transmitted to the button
from the bearing subassembly. The force buttons are initially loaded
by a belleville spring and locknut assembly mounted in the outer housing
as shown in Figure 3. The function of these gages has been described
in detail in Quarterly Progress Report #1 (l). As seen in Figure 3, the
force button assemblies and Bently gage holder assemblies are space

alternately at 45o intervals and in four planes, as shown in Figure 2.

The major difference between upper and lower bearing assemblies is

that the lower assembly is adjustable both angularly and transversely



Quter Bearing
Housing

Inner Bearing

Outer Casing Housing

Displacement
Sensor
Holder (4)

Direction
of Rotation

-
T |

Bellville Spring (4)

Force Button
. Adjustment Nut (4)
AN

Strain Gaged
Force Button (4)

Displacement
Sensor (4)
Bently Gauge
Assembly
Instrumentation
Locations

J1077-3

Side Load

Figure 3. Force Button and Proximity Gauge Installation.



by adjustment of the several holding clamps shown in Figure 2., Four flats
are machined on the (.D. of the lower housing to accommodate four

contacting-type position gages.

Several flow ports have been provided in the wall of the bearing housings
inside the test rig to accommodate the flow and collection of water in the
lower sump region of the test rig. The overall assembly is being manu-
factured with standard tolerances on all rabbet diameters (i 0.001 inch)
since the high precision alignment is obtained after assembly of the test
rig. Side loads are imposed on the test shaft by use of two piston actuated
partial-arc loader bearings which were used on the previous test program

(NAS 3-2111).

In addition to the above hardware manufacture, a critical speed analysis
is being performed to aid in establishing the detailed test plan (avoiding
critical speed operating regions) employing several assumed constant values

of bearing stiffness and force gage stiffness,

Testing Sub-Tasks

The major effort here continues in carrying out the various sub-tasks

described in detail in Reference 1.

Investigation has continued on potential methods to reduce the sensitivity

of the Bently gages to minute flaws or inhomogeneities in the stainless

*Electrojet Gage Cartridge - Model #59-230-113, Sheffield Corp, Dayton 1, Ohio.



steel test shaft. Various materials have been plated on the shaft surface
in the vicinity of the Bently gages, with the result that a 0.005 inch
thick silver plate has been selected for the final test shaft. The
plating thickness is uniform to a deviation of less that 1% of nominal
plating thickness. This testing of various platings is being done in

a bench set-up using an existing shaft from the previous Bearing Stability

Program.

Bently gages are being calibrated against the silver plated shaft.
These gages will be used in a push-pull or opposed arrangement such
that symmetrical effects, such as those due to uniform temperature
expansion or centrifugal growth of the test shaft, will be cancelled.
Increased sensitivity is also obtained without further signal ampli-
fication. A simple form of this push-pull argpangement is shown schematically

in Figure 4.
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1I, ANALYSIS OF ROTOR - BEARING RESPONSE

The present contract has as its objective to provide experimental
data leading to the proper selection and sizing of bearing type for application
to Rankine cycle power systems for space applications using liquid potassium
as the lubricant. The data must be generalized so as to apply to dynamically
similar bearings of different dimensions, Besides providing eccentricity
ratio and non-dimensional torque variation with Sommerfeld and Reynolds
numbers, which comes directly from the measurements, non-dimensional bearing
dynamic characteristics and fractional frequency whirl (stability) thresholds
must be provided. 1In planning tests predictions of expected rotor response
and the stability threshold are required. In reduction of the test data
means for generalizing the less direct information, namely, the dynamic
characteristic of a given bearing, must be established., A computer program
has been written and checked out which accomplishes these two tasks. The

bearing-rotor response analysis which follows is the basis for this computer

program,

Shown in Figure 5 is a sketch indicating the method of representing
a fluid film bearing by an eight-parameter linear model. This model is

widely used in bearing literature, e.g., reference 2,
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This eight parameter model (of bearing film) is characterized by the following

equations:

)
=
]

K x+C %X+K y+C ¥
XX XX Xy Xy

-F K x+C X +K + C .3 1
y yx yx Yyy yyy S

All symbols are defined in Appendix A.

where F's are dynamic film forces and (x,y) are journal displacements (with respect

to bearings) from an initial steady-state position produced by a steady, unidirectional

load. The constants Kxx’ C#x’ etc. are obtained from the first order Taylo? expan-
sion of the bearing force change with respect to displacement and velocity. The more
realistic values may be obtained by an experiment using the equations given in the
following section. When the bearing constants Kxx’ Cxx’ etc, are known for a given
set of hydrodynamic journal bearings, one proceeds for the rotor dynamic analysis

as discussed in the reference (3) to (5). In this report, the method similar to
Ref. (5) will be used, For the calculation or instability conditions, a symmetric
rotor with two masses and flexible pedestals are used, In the unbalance response
calculations, one may wish to place the unbalances at positions different from the
rotor masses, Hence, two additional masses as unbalances are to be symmetrically
placed somewhere along the rotor, making the total number of masses to be four. The
unbalance masses may have different eccentricities at different directions. If more
than two unbalances are desired, one should super-impose two calculations each with
one or two unbalances, The pedestals are assumed to be flexible in these analyses.
The computer code is described in appendix B and examples of its use are given in
appendices C and D,

BEARING CONSTANTS

When equations (1) are assumed to describe the bearing characteristics, the
steady-state response of the rotor bearing system is of harmonic nature, and, there-

fore, one may write:

-11-



x =x_ cos wt +x_ sin vt =y cos wt +y sin wt
c S (o] s

Y
F =F cos wt + F sin wt F =F cos wt + F sin wt
X Xc XS c ys

The more compact and convenient form is:

_ v ~iwt _ . .-lwt - -ipt - -ipt
x = Xe ,» ¥ = Ye s Fx er R Fy FYe
where X= X, + i X s Y = Yo + i Ygs FX = FXC + i Fxs’ FY = ch + i Fys

The quantity w is the steady state load frequency.

Then in dimensionless terms

-F =(R_-iC )X+ (X _-iC ) ¥ =AX + BY
X XX XX Xy xy’ *
Py = (R,_-1C )X+ R _-1C )T =@+5E
y = ¢ yx yx) ( yy yy)
where A=K -iC B=K - 1iCxy etc.
XX XX Xy
= 1 = C - C
Fx,y W Fx,y, Kex W ? Cxx wY cxx ete.

The factors C and W have dimensions, length and force respectively. A common practice
is to usé the bearing clearance for C and the bearing load for W.

Since the model has eight parameters, and the measurements of displacements and
forces in x - y directions give only four quantities, two independent sets are required
to determine the eight parameters. The set obtained with symmetric unbalances and the
set with anti-symmetric will be independent. Or, with non-symmetric loads, two bearings

will give results independent to each other. If these independent sets are denoted by

(il’ il’ ixl’ Fyl) and (iz, ?2, ixz’ ?yz) one has
Ail + BY, = 'Fxl
Aiz + BY, = -sz
Cil + ﬁ?l = "Fyl @
éiz + ﬁ?z = -Fyz

One determines A, B, etc. from Equations (2) and then ka, C,, etc. are obtained.

-12~



It can be shown mathematically that equations (2) result in an indeter-
minant form for the special case when the orbit is circular. Thus, for four
pivoted pad bearings with negligible pad mass and loaded symmetrically between
Pivots a separate mathematical analysis must be prepared. The measurement of
the forces may be eliminated because the solution is defined if the dynamic
behavior of the rotor alone is known along with the vectorial displacements
at the bearings. The usefulness of results depends upon how closely the assumed
rotor dynamic characteristics are represented in the computer program. In this
program the rotor with a distributed mass is approximated by a four-mass symme-

tric rotor.

DYNAMIC ANALYSIS

Figure 5 shows the rotor-bearing-pedestal system. A flexible shaft is
supported on fluid-film bearings possessing stiffness and damping. The bearing
housings also possess mass and elastic support. The symmetric rotor has two
concentrated masses, each with one-half the total mass and at a distance such
that the moment of mass inertia about the mass center is equal to the transverse

moment of inertia of the rotor, that is, (see the remark in Example 4)

(1/2) M £2p? - I,

At the equal distances from the mass center, external forces are applied. The
magnitude and direction may be different. The equations of motion are obtained
by using influence coefficients to express relative displacements in terms of
inertia forces and external forces. For instance, from Figure 6, one can write

for a simply supported beam,

-13-



Figure 6.

86

Relative Displacements of Rotor.
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Similarly the expressions for 86’ 37 and 37 are obtained. Getting g's in
terms absolute displacements R's and replacing P's by inertia forces and

external forces, one obtains,

e

a5y = ageMig * ag,Q *+ a5l

|

il

s = By = (/2)A-DRR)

s .
- - - —

R, - R, - (1/2)(14B)(R~Ry) = -qg MR, - qzc MR, + 0..Q + agoQ)

6 3
—‘3(- 1)Q, + ba-e) Mﬁ + 9(1+g) M'Ii - bF_ - -13(1+n)6 = 0
2(M1IQ, + 5(1-8) MR, + 3 6 2" 2 2 =
b — b = b = = b
E(T]—].)Qz + —2-(1-§) MR6 + -2-(1+g) MR5 - bFl - §(1+n) = 0

le + le - F1 = 0

le + kR2 - F2 = 0

1, 2, ..000010006

where: R, = x14vy.] J

|
t
}.h
L
o+
(|
i
L]
it

1, 2

—

The vectors i and 3 are unit vectors along x and y axis, The influence co-

(34)

efficients % represents deflection at a due to unit force at b. The external

forces are denoted by Q's,

The film forces F's are:

- - C X _-X + K - + C V.~3
F KXX (x3 xl) * XX (x3 xl) Xy (y3 yl) Xy (y3 yl)

x1

_ - _ . . - _ " .
Fx2 KXX (X4 x2) * Cxx (x4 x2) ny (y4 yz) cxy (y4 yz)

-15-
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1
It

- C
ny (x3 xl) + x

i
|
i

= ny (x4—x2) + ny

The subscripts are station numbers as shown in Figure 5,

reduced Equations 3A and 3B to:

Where:

=i
1]
[

) R

T o u -
Gegtxg) + J(yg 4y s

x|
I
|
=|
{

b i (x1+x2) + j(y1+y2)

-16~-

(x3-x1) + Kyy (y3-y1) + ny

. _ +C
(x4 xz) + Kyy (Y4 yz) vy

(535

(5 ,4-5,)

The use of symme try

(44)

(4B)

U T 055 F Aggr Ay T agy Faggr Ag T ag5 T U5e Oy T a5y T ogg

1(x3+x4) + J(y3+y4)

—{(x6—x5) + 3(y6-y5)



b3
]
Pt

o= 1 Ogexg) + 3(y,mvy) Boo= 3 (xpmx) + 3(ypmyy)
Qg = 1 (Qq1Q,,) + 3(Q Q) Q, = £(Qu57Qq) + 3(Qu,-Q)
Fp = i(Fxl+Fx2) + j (Fy1+Fy2) F = i (sz-Fxl) + j (Fyz-Fyl)

Since equations (4A) can be obtained from (4B) by replacing Qgs Oy £, 7, and éw by
QAps Ays 1, 1, and QR respectively, one only needs to solve equations (4B).

Stability Analysis:

The condition at threshold of instability can be found by taking homogeneous equa-

-ivt

tions of (4B) and letting R(t) = Re . The elimination of ﬁo'and ﬁb’ and the vanishing

determinant of scaler’ equations gives (in dimensionless quantities)

-C kR -

= kac y + CxxK Xy VX Koy
A= Y Yy Yoy yx_xy (58)

c_+¢C
XX yy

) (Kxx-o’t) (KH-R) - nyKYx

Y = — — (5B)
cC C -C _C
XXyy Y% XY
) )
R= - (5C)
1~ ®R,
G% 1/k (5D)
1l - 72325n2
2,242 /=
Y's°E°/a,
= (5E)
s 1.%g2
2 koM
Where: 7=‘%;, S=w—-, w2=l—<-, wns= —Lﬁ’ S§='.3 R ‘(-l=—w—',
W o np m Qs ‘m 3 ca3
F L Y = - C
ko= Wk ! ka TW Kxx ’ Cxx w wax etc.

The quantity y is the rotating speed at the threshold of instability. Equations (5A-B)
give values of R and y and then (5C-E) determines the value of S at the threshold of

instability.

-17-



Response Calculations

If the external forces, 61 t) and"(-l2 (t):'ape unbalance forces, one may

write
g, (&) = -m_ R, + 3y (©)
- = - ' (6)
Qz (t) = -mO R8 + 98 (t) ) :

Where m is unbalance mass, §7 =,x811+ ysi,,and denofing the unbalance

=x.1+ y7j, R8_

eccentricities by 50 and 81

a7 (t) = moﬁow? (i cos Qé + i-éin wt)
- 202 oL (N
qg (t) = m 3w [i cos (wt-y) + j s%n (wt-¢b]-
The angle Y is the phase lag Of‘aS from‘a7l‘ ﬁ;re it‘is noted'that
Total rotor mass = 2(M + m_) "' | |
I, = (1/2) b2 e+ “‘o’_‘z)‘-v
In addition to equations (3), one has
R, - Ry - 17200 RyoRy) = My - ap iR+ a8, + O‘7862
Ry - Ra - 1/2040) (Ry-Ry) = -ags MRy - ag i + ag;@) + ‘;‘3862 P
Noting the symmetry, Qq5 = Ogo etc., one obtaiﬁs_ |
ozZM.l—;‘o + Rq ) is = GSQR ‘.  | _ | ‘9AQ-
a i + A - W = agdy | . o)
Where as'ﬂ Qg7 + Cgg
%6 = X77 T %18
f{q = (x4xg) 1+ (y,4yg) ]
ﬁq = (xg-x) 1+ (y5-y;) 3

Again, equation (9B) reduces to equation (9A) when Qs Qgs Qw,and n are replaced by

Qys. O QR and 1 respéctively. The substitution of equations (6) into equations (4B)

Fd

and (9B) gives
. -18-



O4BMWO + aamqu + Wo - f ws A

ogaMWO + a6mowq + Wq -7 Ws = agd, (10B)
gMWo + nmqu- Fw = nqw
me + ka +-Fw =0
Where: q, = 9g " 99
Similarly four more equations are obtained from equations (4A) and (9A) with aR = a7+218'

The unbalance forces may be expressed as real parts of:

/M = QI+ €7 an
G = @ 1+ &M
Where:
éx = (mowZ/W) [(80 + 61) cos Y+ i 81 cos l,l/]
Qy =10Q
Qu = (mowZ/W) [Socos Y-8 +1iy sin /]
av =1 Qu
Therefore, the solutions take the form,
R (t) = R elut
Wo(t) = 7 elwt (12)
Where
R = X1 + Yj
W= Ui+ Vj
X = X, + Xy
Y = Yo + i Yo

U=u +1iu
c S

V=v +iv
c s
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The substitutions of equations (11) and (12) into equations (10B) and the elimin-
ation process gives, in complex terms,
@A -R® B (Us - Ub) G ® Q

= () (13)
(Vg - W) 1 Q

0l
”~~
o
1
D
<

and therefore

1 s T S
c Ol = 5 [y -da,] (134)
1 4 -
c UV =z [84,- ad g, ]
R.R,G

= L1642 . 3

US/C = G3 (US Ub)/C + Qu G4/63
R.R,G

=L 42 - G 14
vs/c = c, (vs vb)/c +Q, G4/G3 (14)

L ] 5 8 S §
U/ = % [ €& -y 67, + ne v /c - uF, ]

=L . - & - o F (15)
vq/c X [ (¢ - a,nfog) aQ, + ne v /c a4Fv]
U/Cc=- &3 Q +F +szv/<c')
° e 52 [+, n W/ € Gg) |

) (16)

o - - 2 -

Vol = - ¢ g2 [ T]Qv-"Fv-I-SmT]Vq/(co%)]
n
Where

A= (A-R) (D-R)- B ¢
R = G1G2/G3
8 = G2G4/G3

-20~



G, = R1R5+ R2R

1 3
c, = k (1-s§)
Gy =G, + RR,G,
G, = ﬂRl + R3&4
Ry =1-582- si[a-s?) + s2 &/ @,a,)]
Ry = & - S2 G13,/5, - t)

Ry = ¢ S2/ay + 2 sE (3,05, - D/,

R, =1-s?

R, = nz S;/&t6

Si =M a3w2

Si mQew

Sg = mwz/k-

a, =Wy,

Qg = WG

-R -1 (Fxl + Fx2) + ii(Fyl + FyZ) = Fx i+ Fy 3
fw =i (Fx2 B Fxl) +3 (FyZ b Fyl) - Fui * FV3

When the solution is in the form x(t) = Xe-lwt and y(t) = Yo~ lwt where X = X, + i X

Y=y +y_i, the path of the journal center is an ellipse, and, therefore, there exists
c s

major axis making angle ¢ with X axis such that (Fig. 7)

x"(t) = a cos (wt - ¢)

an
y'(t) = b sin (wt - ¢)
x' = x cos ¥ + y sin ¢

(18)

y cos ¢ - x sin ¢

-21-



Mo, 1 Unbalance Position at Time t
yl
Minor Axis -~
of Ellipse ﬁ\\‘
_ en\bgr Position at Time t
‘ .
M
. . —P X
o Shaft Cent Posithio
at Zero Unbalancg
Major Axis Elliptical Shaft Center
of Ellipse Locus under Unbalance
Load
Steady Load
Direction
J1052-7
Figure 7, Elliptical Orbit.
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—————— — ————— .

2 2
= + t -
x x, + X cos (w ¢x)
(19)
2 2
= + i -
y Yo ¥ Y sin (wt ¢y)
{ = ¢ -
’s e
where tan ¢x = X and tan ¢y =y

0

This establishes the relationship between (a, b, &, o) and (xc, xs, Yo ys).

COMPUTER PROGRAM

The computer program performs the following calculations:

- Computation of Kxx’ Cxx’ etec, from experimental data.

- Computation of conditions at the threshold of instability (for rigid or

flexible pedestals).

- Unbalance response calculations (for rigid or flexible pedestals).

Bearing

Let j =

J

J

J=

Constants

1 represent displacements in measurement No, 1
2 represent forces in measurement No, 1

3 represent displacements in measurement No. 2

4 represent forces in measurement No. 2

The input data may be prepared in one of the two forms:

a)

Ellipse: 2y bj’ o éj j=1,2, 3, 4
Where a's and b's are major and minor axis respectively, a's are

angles between major axis and x axis, and ¢'s are phase angles,

the angle lag from unbalance mass (see Figure 7)

-23-



The angles q, é and ¢ should be given in degrees.

the input to xcj’ yc

Where Xj(t) = [xj| cos (wt - o

yj(t) =| in sin (wt - ¢

j’

j)
)

vi

b) Amplitude and phase angles: (xj), Oxs? (Yj), 0y J=1,2,3, 4

The computer program converts

x . and y ., and obtains K _, C__, etc. from the solution of
sj sj xx’> Txx

Equation (2), which are:

where:

o
|

0
)

XX

K
Xy

K
yy

>
]

P

DI=DI=D>I- D=

+ q2

N

Ye1 *c4
Y51 *cs
Xc3 xc2

¥g3 ¥.2

ycl yc4 h

Y51 Vet
X3 Ye2

¥33 Ye2

For input data, either

factors which make dimensionless should be consistent as follows:

(PA; + qA)
(pB1 + qu)
(pC1 + qCZ)

(le + qD2)

" Y51 ¥gy
+ Vo1 x54
TR Y
+ X3 X5
Is1 Ys4

~+

T %33 Y32

+ Xe3 ySZ

Ye1 y84 -

xc2 yc3
%52 Ye3
xcl Xt

xSl A
yc3 ch
yc3 ySZ

Xe1 e

T %31 Yeh

+ x

~ Vg3

+ x

- X

+y

-y

+ x,

- X

sl

cl

53

S3

31

cl

= X1 Ye3 " Vg3 %51 T ¥e3z Ye1 T ¥s3 Vs
= %1 Ye3 F Vg3 ¥c1 T ¥s3 Vo1 T Ys1 X3

s2 Y83

ch

%34

%34
Is2
ch

Y54

Is4

XX

xy

C
yy

DRI D

(qu

(qu

(qC1

(qD, |

pPA

sz)
pC

nDz)

dimensionless values or actual values may be used. The
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a, b,
dimensionless displacement a, = — b, = —L-

j c j c
X. Y. =1,3

3 ch ik C j
- a, b,

dimensionless forces aj = _if" b, = —%r

J
_| Iil . !Y‘ =24
RS I A
Then the dimensionless K, C _, etc. are:
xx’ XX
g =S e c 7 c & c_ .
KXX W ka’ Cxx W Cxx’ KXy W ny ? ny = v ny ete.

Stability Analysis

The computer may retain the previous result of bearing constant calculations
or read in new data on KXX’ Cxx’ etc. The additional data on the rotor and pedestals
1/2

are ¢, ass, a56, Wog1 = (lﬁzl M) s wnp’ k. Then Equations (5A) - (5E) give the
conditions at the threshold of instability. Againcxss,(156, k may be either actual
values or dimensionless as &55 = % 055, &56 = %‘356 and k = % k. The first natural
frequency of the rotor Wog1? the natural frequency of pedestals wnp and the span ratio

¢ are actual values. Equations (5A) - (5E) gives the following as used in the program,

Case I:Flexible Pedestals

2

L+ (S ,); + K (1 +J) -T-\/[:+ (8,01 ¥ W +D] -4 ,), @)

(8,5 = 77, G, (1+K)

~ 2
L+ (5,0, +Ky(1 +J) +‘\ﬁ1 (8 ), K, (L+D] P-4 (s ), (L+EK)

(55 4 =—
23,4 27, 5,0, (1 +K,)
Where . 2 -
_[ ’nsl Y =K
Sh2)1 '( Snp ) a2 = 5, Gas i

. =(Kxx'K)(sz-K)-K§yny
2 - - - -

c_Cc -¢C_¢
Xx yy Xy yX

~-25=-



C + KR C -K_¢C - C
K = —X2 7YY VY VY Xy __yX yX Xy
C + C
XX vy
_ 1
K G, K
2
K = —2=&
2 -
~. K

2

0] = g5t g By = A - Age

The subscripts 5 and 6 designate the mass stations of the rotor.

Case II : Flexible supports with zero bearing masses.
In other words, k # o but mnl)= o, The indication of this case is done
by supplying in input wnl)= 0 and k # 0, When such indication is given the

computer uses the following equations:

(8)y,2 = )*2[1+K1’2(1+J)J (89)y = (85), =0

One may also feed in a large quantity for wnp, but it should not exceed 232.

Case III: Rigid pedest.ls,
This means k = ©, Or wnp = 0 with k finite. The indication for this

case 1s done by supplying wn1>= k = 0. With these values read in the

computer will use:

1 1
(85), = (8,), =0
Y, WK, 272 274

(s

2)1,2 =
- 128 .
One may also use a larger value for k less than 2 and any finite value
for wnp The program also has a built-in loop to change W One simply

specifies increment Ap’sl and the number of increments.
n
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Rotor Response Calculations

After additional input data on the unbalances are read in, the computer
calculates the unbalance response using equations (13) - (16). This part
also has a built-up loop for w so that many different W may be used. The
quantity W g1 will not be used (only the initial value will be used). The
unbalance data are; 717, Q7> O7g» 057, Ogg, Wpgls Og» 51, Y>w,Aw and Nj where

w

sl V1/ (m o ) > W is the unbalance mass (one of the two), §'s the unbalance

eccentricities, ¢ the phase angle lag in degree of 31 from 30; Aw the increment
of the driving frequency, NJ the number of steps, and 's the influence co-
efficient. If the rotor is uniform in cross section, the ('s may be obtained

from the equations given in Appendix E

The computational results are converted into elliptical terms using,

\/ (d + s )
2
I V (d - Ve 4+ gj)

o’
[}

I S i |
J
R cos . +Yy sin ¢
g. = t:an-1 1 u!
J X cosqg., +y sin ¢
] ] J
= (. -
4 iT%
d, = x 2 + + +
j c. x . yc. Is
J J J J
2 2
e = d - -
j 5 Zyc' 2y,
J J
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Here the subscripts denote the station number as shown in Figure 5.

The displacements xc's and yc's etc, are obtained from the equations following

equations (4B). For example,

W
o

i (x6-x5) + J(y6-y5) = Uol + VOJ

R = i (x5+x6) + J(y5+y6) Xoi + Yoj

Here X and Y are obtained as U_and V_ are computed except { = n=1, 0=
o o o o 3

al, a4 = az,a6 = as. Hence
x. = x_ +1ly = (X -U) +1<@¥-v)
5 c s 20 o 20 o
5 5
x, = x +1iy = l(X ) +1i L ¥ -v)
6 Cg S¢ 20 "o 2 o o
or
X = fx-U), y = E(¥-v), etc
cs 20 o”° Sg 2o 07? *

The output will be dimensionless quantities if inputs are dimensionless.

The dimensionless displacement is U/C. If U/ESo instead of U/C is desired,
5
one should supply 60 =1 and &, = L

1°% - The forces remain the same, i.e.,
o

F = F/W.
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APPENDIX A

NOMENCLATURE
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Kxx’Kx yetc.

ol B8

Q|

NOMENCLATURE

Major axis of ellipse

-1
Kxx wax
Distance between bearings
Minor axis of ellipse
K - iyC
Xy w yX
K - iwCyx

yX
Radial Clearance

Koy = 10y

Elasticity Modulus

Force

1.0

Unit vector

Area moment of inertia
Transverse moment of inertia
Unit vector

Pedestal stiffness

Bearing stiffness coefficient*
One-half the rotor mass
Bearing mass

Mass at unbalance

Force vector

Unbalance force vector (equation 7)

%
First subscript indicates direction of force

Second subscript indicates direction of motion

=30~

in,
1bs/in,
in.
in,
lbs/in,.
1bs/in.
in,
1bs/in,
in—lbs/in3
1bs,
dimensionless
dimensionless
. 4
in
in—lbs-—sec2
dimensionless
lbs/in
1lbs/in
2 .
lbs-sec /in.
2.
lbs-sec /in.
2 .
ibs-sec /in.
1bs.

1bs.



ol

|

a

Cbab

NOMENCLATURE (Continued)

Unbalance force vector (equation 6)

Displacement vector (translational mode, equation 4)
Time

Displacement amplitude (rotational mode, x-component)
Displacement amplitude (rotational mode, y-component)
Bearing Load

Displacement vector (rotational mode, equation 4)
Displacement, x~component

Displacement amplitude (translational mode, x-component)
Displacement, y-component

Displacement amplitude (translational mode, y-component)
Angle between x and x' (Figure 7)

Influence coefficient, displacement at b due to force at a

al,az,etc.lnfluence coefficients (see Page 16)

2

Frequency ratio at threshold of instability
Unbalance eccentricity (Figure 5)

Statical displacement vector

See Figure 5

Self-sustained vibration frequency at threshold of
instability

Phase angles (see Figure 7)
- «a

Angle between unbalance vectors

-31-

1bs.

in.

sec,

in.

in,

1bs.

in,

in,

in.

in,

in.

degrees
in/1b.

in/1b.
dimensionless
in.

in,
dimensionless

dimensionless

degrees
degrees

degrees



NOMENCIATURE (Continued)

w Rotational speed

w Cxx’ Product of rotational speed and bearing

w ny,etc. damping coefficient

Superscripts

) Dimensionless quantity of (nonvectorial)

(;) Time derivative

( )' Coordinates along axes of ellipse (Figure 7)
Subscripts

X, ¥ x- and y-component

c, s Cosine - and sine - component

o Rotor mass station

s Journal station

b Bearing station

q Unbalance station

a, b 1, 2, ~—==~- , 8 station number as shown in Figure 5
n 1, 2 Refers to the two independent sets of measurements which

are used in. Equation (2)

-39-
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APPENDIX B

ROTOR RESPONSE COMPUTER PROGRAM
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INPUT_ INFORMATION

I. Determination of Bearing Constants:

In the following j =1 and j = 2

stand for displacements and forces in measurement set up No. 1 respectively and

j =3 and j = 4 for displacements and forces in measurement set No, 2 respectively.

a) Calculation of the constants only,

Card 1: Identification card.

Card 2a:

Column 1: Blank

Punch any text within column 72,

Column 2: 4 or 6 if elliptical data, aj, b

5 or 7 if harmonic data; X5 ¢

X

J

i

b

?

aj, qﬁ are to be read in.

yj , @ , are to be read in.

4 and 5 indicate more sets of input data are to be followed, 6 and 7

indicate this set to be the last and direct to exit after the current

calculation has been performed.

Column 3 - 15
16 - 30
31 - 45

46 - 60

Card 2b:

15

Column 1
16 - 30
31 - 45

46 - 60

or

or

or

or

or

or

or

or

(E
(E
(E

(E

E
(E
(E

(E

13.4)
15.4)
15.4)

15.4)

15.4)
15.4)
15.4)

15.4)

Card 2c and 2d: The same as Card 3 but for j = 3 and j = 4 respectively.

Displacements are all in inches or dimensionless, angles in degrees and

forces in pounds or in dimensionless quantity.

-34-
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b) Calculation of bearing constants followed by dynamic analysis: In other
words the computer is to calculate the bearing constants and then proceed

to dynamic analysis using the calculated bearing constants.

Card 1: Identification Card
Card 2a: Exp. Data
Column 1: Blank

Column 2: 1 for elliptical data aj, bj’ d., &

i3
2 for harmonic data X ij, yj s Gyj .
Column 3 - 60: the same as case (a)
Card 2b, 2c, 2d: the same as case (a)
Card 3a: Rotor Data
Column 1 ~ 15 (E 15.4); € (see Fig. 5 and pages 15 and 18)
in/1b, or dimensionless
31 - 45 € 15.4)5 g
46 - 60 (E 15.4); w / 1 rad/sec

nsl = \/M(OL55 +Ot5-67 s

Card 3b: Pedestal Data and Control

Column 1 - 15 (E 15.4); wnp = Yk/m > rad/sec

16 - 30 (E 15.4); k (pedestal stiffness), lb/in or dimensionless

35 (termed lane) ; Integer 1 Causes to return to the beginning of
the program after the end of present
computation.

2 Causes to return to reading in new
rotor data. (Used when the bearing
constants remain the same).

3 Directs to exit at the end of the
computation (no more input to follow).

Column 40 (termed IFF); The number 0 Instructs to read in unbalance data
and perform response calc. only.
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Column 44 - 45 (12):

46 - 60(E 15.4):

number of increments of Aw 1
be on col. 45 ns

AW

Integer 1 Means to perform stability analysis
only.

2 Perform both stability analysis and
response calc. after reading in

unbalance data.

The last digit should

nsl’ rad/sec,

If no step up is desired, leave col. 41-60 blank.

If IFF # 1, there must follow two more cards.

Card 4a (Iff # 1):

Colummn 1 -~
13 -
25 -
37 -
49 -

61 -

12

24

36

48

60

72

Card 4b (IFF # 1);

Column 1

13 -

25 -

37 -

49 -

64 -

12

24

36

48

60

65

Unbalance data

(E 12.4);
(E 12.4);
(E 12,4);
(E 12.4);
(E 12.4);

(E 12.4);

(E 12.4);
(E 12.4);
(E 12.4);
(E 12.4);
(E 12.4);

(E 12.4);

2y in/1b or dimensionless

w o = ﬂyﬂn c 1 T ) , rad/sec
ms 0 %77 T %78

60, in.or dimensionless
61, in,or dimensionless

Y (phase lag of &, from 60), degrees

1
w (initial driving freq.) , rad/sec

AW  rad/sec

number of steps. The last digit should be
on col. 65
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’

II. Dynamic Analysis with Given Bearing Constants
Card 1: 1Identification Card

Card 2a: Bearing Constants

Column 1; Blank
25 3
Column 3 - 15 (E 15.4); Kxx (1b/in) or Exx (dimensionless)

16 - 30 (E 15.4); wcxx(lblin) or Cxx (dimensionless)
31 - 45 (B 15.4); K o (1b/in) or Exy (dimensionless)
46 - 60 (E 15.4); wa y(lblin) or Ex'y (dimensionless)

Card 2b:

Column 1

15 (E 15.4); Kyi{(lblin) or Ky){(dimensionless)

16 - 30 (E 15.4); wC_ (1b/in) or C (dimensionless)
yx yx

31 - 45 (E 15.4); L. (Ib/in) or Tcy ; (dimensionless)

46 - 60 (E 15.4); wCy y(1b/in) or Eyy (dimensionless)

Card 3a, 3b, 4a, 4b; the same as case Ib,

Note that cards 2¢c and 2d are not needed in this case.

OUTPUT FORMAT

The output format is almost self-explanatory. The terminology used in

nutput is as follows:

XI = ¢

ETA = 7

ALFAA = ALF 55 = Qs
ALFAB = ALF 56 = Ogq  ©tC

1/2
BRG. N, FREQ = wnp = (k/m)

PED, spring = k

-1/2
SHFT. N. FRQ 1 = ONS 1 = o, = [M (dgs + o)
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_ - 1/2
OMSI = w oy = M) Cagy + %))

DEL SHFT, FR = A Wpeq
THRES. FREQ. RATIO =

GAMMA SQUARED = 2 = v,

KAPA = R

SPEED RATIO = S = w/wns.at the threshold of instability
RPM SPEED = 30 /7 at the threshold of instability
OMEGA = w
DELTA ZERO = 5
DELTA ONE =

1

1 unbalance eccentricities
6 j
DEL. FIE = | = ang

le between 50 and 5y
DEL OMEGA = Ay

DISPLMT RATIO = displacement/c

FORCE RATIO = transmitted force/w

MAX (A) Major axis of ellipse’

MIN (B) = minor axis of ellipse

AXIS ANGLE = o = angle between major axis. and x axis
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1

111
2

211
6

66

991

992
7
993
8
10
11

12

e

112
13
25
26
27
28
29

OLE G KRISTENSEN=-HC LEE Rvi- 37-1C20 PH 54907 REVes8=3~1966
DIMENSION XC(12)eXS(12)sYC(12)9YS(12)sAX(12)e8X(12)sALP(12)
DIMENSION FIJ(12)sALPP(12)

COMMON NNosA(L)sB(4) sALFALG) »FI(4)
WRITE(6s1) _
FORMAT(1H1a46X919HGtNtRAL ELECTRIC CO//33X, 44HBEARING PROPERTY AN

1D ROTOR DYNAMICS ANALYSIS,1H 77/)

READ(542)
FORMAT (72H

WRITE(6+2)

READ{S+s6INNsA(L) sB L) »ALFA(L)YsFI(1)

FORMAT(I2sE13 493Elb 4)

NC=4

READ(5966)(A(J) sBUJ)sALFA(J) 9FI(J) J=2sNC)
FORMAT(4E1544)

IF(3«EQeNN) GO TO 9

CALL CONST(XXKsXXCaXYKaXYCoYXKeYXCaYYKsYYC)

IF (NNeEQeleOReNNeEGe4) GO TO 992

IF(NNeEQe6) GO TO 992

WRITE(6+9991)

FORMAT (1H //25X91HX918X,3HFIX918X91HY;18X93HFIY/)

GO TO 993

WRITE(67)

FORMAT ( 1H //25X,1HA9ZUX9le918X94HALFA918X9dHFI91H /)
WRITE(698)(A(J)9B(J)9ALFA(J)9FI(J)9J lys4)
FORMAT (11X 94E20e4)

WRITE(6,11)

FORMAT ( 2H //6X93HKXK912X93HCXX912X93HKXY912X93HCXY912X’3HKYX912X9

13HCYX 912X 93HKYY 912X 93HCYY s 1H /)

WRITE(6912)XXK9XXC9XYK9XYC9YXK9YXC9YYK9YYC
FORMAT(BEL1Se4///)
IF(NNeEQe6+eOReNNeEQe7) GO TO 113

TF(3-NN) 11551125112
- XXK=A(1)

XXC=B (1)
XYK=ALFA (1)
XYC=FI(1)
YXK=A(2)
YXC=B(2)
YYK=ALFA(2)
YYC=FI(2)
GO TO 10

ROTOR INFORMATION

READ(5513)XI 4ALFAASALFAS yONS1sNNX sONP sBKsLANE s IFFsNSTEPsDONS1
FORMAT (4E15e49112/2E15e49315sE15e4)

FORMAT(1H //51Xs18HSTABILLTY ANALYSIS///)

FORMAT (1H //47X+26HFLEXIBLE PEDESTAL ANALYSIS///)

FORMAT (1H //47Xs26HZERO BEARING MASS ANALYSIS//7/)

FORMAT (1H //49Xs23HRIGID PEDESTAL ANALYSIS///) .

FORMAT ( 45X s 30HUNBALANCE RESPONSE CALCULATION///)
IF(XIeNEeeO) GO TO 986
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989

986

[aNaNa!

73

14

1001

OO0

aNaNa!

C. ERR

1000
1002

WRITE(65989)

FORMAT(1H///10X22HXI=0 IS NOT ACCEPTABLE//)
GO TO 987

ALF1=ALFAA+ALFAB

ALF2=ALFAA-ALFAB

IF(IFF.EQ.0) GO TO 18

STABILITY B =20

WRITE(6925)

WRITE(6573)
FORMAT(7X92HXI99Xs5HALFAA98X;5HALFAB’6X9lOHBRG.N.FREu,QX99HPED.5PR
1Ge 93X s 11HSHFTeNeFRQ193Xs 12HDEL SHFT e FRWBX s THNeSTEPS 93X 9s3HIFF 94X 94
ZHLANE)

WRITE(6974)XIsALFAASALFABSONP3BKIONSL sDONSLsNSTEPsIFFsLANE

FORMAT (5E13e492E14e45218417)

CAPA= (XXK*¥YYCH+YYK*#XXC=XYK¥YXC=YXK#XYC)/(XXC+YYC)

GAMZ2= ((XXK~CAPA)*¥{YYK-CAPA)=XYK¥YXK)/ (XXC*¥YYC~XYC¥*YXC)

CAPl= 1le4/(ALF1*CAPA)

CAP2= XI%*%2/(ALF2#CAPA)

NSTEPP=NSTEP+1

DO 190 KC=1sNSTEPP

OONS2=ALF1*ONS1%*%2/ALF2

IF (OONS2 «LTe0Oe) WRETE(651001)

FORMAT (58HALFAA SHOULD BE LARGER THAN ALFBBeIF NOTs SURT(=b) RESJL
1TSS ) ‘

ONS2=SQRT(OONS2)

CHECH VALUE OF ONP AND BK

ONPK= ONP*BK
IF(ONPKeEQesO) GO TO 15

CASE 1

IF(KC eEQel) WRITE(6426)
XJ= CAPA/BK
ORS ON FLEXIBLE PEDASTAL CORRECTED JULY 14,1966
XJ=~CAPA/BK
SN21= (ONS1/0ONP)#*%2
SN22= OONS2/(ONP%%2)
DENOM = 24%*GAM2*SN21%*(14+CAP1)
PT1= (1le+SN21+CAP1¥(1e=XJ))/DENOM

SQ1l= ((1e+SN21+CAPL* (1la=XJ) ) ¥¥*2-44%SN21%(1e+CAPL))
IF(S5QleGEe Ue) GO TO 10602
LL=1002

WRITE (6+1000) LL

FORMAT( 26HSQRT(-B) IN STATEMENT NOe=s 154+15)
SQ1=5QRT(sSQl)

S21= PT1-SQ1/DENOM

$22= PT1+SQ1/DENOM

DENOMI = 2+%¥GAM2%¥SN22%# (1 e+CAP2)

PT2= (1e+SN22+CAP2%(1e=XJ))/DENOMI

SQz2= ((1e+SN22+CAP2#(1a=XJ))#H2-4 ¢*¥SN22%(1a+CAP2))
IF(SQ2eGEe«Oe) GO TO 1003
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M

AN ANe!

1003

15

LL=1003

WRITE (6s100C) LL
SQ2=5QRT(S502)

S23= PT2-SQ2/DENOMI
S24= PT2+SG2/DENCMI
GO TO 17

IF(BKeEQeeD) GO TO 16

CASF 11
IF(KC eLQel) WRITL(6527)
XJ=CAPA/BK

NEXT EQUATION CORRECTS ERRKRCRS

1604

1006

1007

15608

188

XJ==CAPA/BK

S521= 1a/(GANM2Z¥({1e+CAPI#(1e=XJ})))
523= 1o/ (GAM2%(1e+CAP2¥%(1e~XJ)))
522=0,.

$24=0.

GO TO 17

CASE I11

S21= Lo/ (GAM2¥ (1e+CAPLY)
S23= 1e/(GAM2%(1a+CARP2))
522 =0,

S24 =0,

IF(KC eEGel) WRITL(6928)

CONT INUE

IF (S21eGEeUe) GO TO 1UC4
LL=1"04

WRITFE(651000) LL-

R1 = SQRT(S21)

IF (5224.GE4Ue) GO TO 1005
LL=10UC5

WRITZ(6s1C0U0) LL

R2 = SQRT(S22)

IF (523 «GEeUW) GO TU 1006
LL=1006

WRITE (651000) LL

R3 = SERT(S22)

IF(S24 oGEea) GO TU 1007
LL=1007

ARITE (6s1000) LL

R4 = SQRT(S24)

SPE1 = ONS1%#R1/Ce1C4719
SPE2 = ONS1%¥R2/041047198
SPE3 = ONS2¥R3/041047198

SPE4 = ONS2%#R&4/0,4,10:47198
IF (GAM2eGE«UWs) GO TU 1008
LL=1008

WRITL (641000 LL

FRQRT = SQRT{GAM2)
WRITE(65188)

FORMAT (2X 9 16HTHRES o FREWeRATIO2X s 13HSPEED RATIO 134X<13HSPEED RATI
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10 254X 913HSPEED RATIO 354Xs13HSPEED RATIO 494X 13HGAMMA SUUAKRED »8X
294HKAPA)

WRITE(69189)FRQRTsR1sR29R39K4 sGAM2 s CAPA
189 FORMATI(ELSe4s6E1T7e4//)
WRITE(6+223)
223 FORMAT(9Xs4HONSLs 7TX s 12HRPM  SPEED 1 s 4 X9 13HRPM  SPELD 2 964X 13HRPW
1 SPEED 3 24X s 13HRPM  SPLED 4 57X 96HALFA 1510Xs6HALEA 2)
JRITE(G»ZZQ)ONSl’SPEl;5PE2»SPE39SPE4;ALF19ALF2
224 FORMAT(EL1Se4sb6EL1Tel// /)
ONS1=0NS1+DONS1
190 CONTINUE
STEP=NSTEPP
ONS1=CNSI-DUONS1I*STEP
IF(IFFeEQe2) GO TO L8

GO BACK OR NOT

GO TO (115+1124113)sLANE
115 WRITE(6.116)
116 FORWMAT(1H1)

GO TO 111

B NOT ZERO RESPONSE

18 READ(5920)ETA9ALFAC3ALFAD9ALFCC,ALFCD9OMSIaDZEsDONEsFIEsUMG;DMG;NJ
1uMp

20 FORMAT(O6EL2e4/5FE12e44515)
WRITE(6+29)
WRITE(6,711)

711 FORMAT(7X92HXI910X93HtTAleX95HALF5538X95HALF5693K95HALF5798X’5HAL

1F5898X95HALF7798X95HALF7599X94HON51)

WRITE(69712)XI9ETA9ALFAA¢ALFAU}ALFAC9ALFADsALFCCsALFCD9OhSl
712 FORMAT(9E13e4)

WRITE(64713)

713 FORMAT(1H //6X94HOMbl96X310HBRGON0FREU94X99HPLD-5PNbc93X,lUHULLTA
1ZEROs4X s 9HDELTA ONE95X97HUtL.FIL96X95HUMtbA96X99HucLouMEbHdesDHNb
ZTEP91X33HIFF91X94HLANE)

WRITE(69714)OM519ONPQDKQUZE3DONE9FIE9OMG,UHG9NJUMP;IFFQLANE

714 FORMAT (8E13e4s14s215)

OONS2=ALF1#ONSL1%%2/ALF2
IF (OONS2Z oLTe0Oe) WRITE(6.1001)
ONS2=SQRT(OONS2)

ALF3= ALFAC+ALFAD

ALF4= ALFAC-ALFAD
ALFS=ALFCCHALFCD
ALF6=ALFCC=ALFCD
FIEE=FIE*0,017453
5S1=DZE+DONE*COS(FIEE)
582= DONE#SINIFIFF)

553= §5S1=24.%pDZFE
NJUMPP=NJUMP+1

DO 3 KKK=10NJUMPP
DZERO= 1le/(ALFS*0OMS1%%2)
DZERQO=DZERO*QOMG*%2

S51= OMG/ONS1

52= OMG/ONS?2
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1009

24

OOMS2=ALF5*0MSTI#*%2/ALFG
IF (00452 WG etUe) GU TU 1ulY
LL=1luu9

ARITE(S6.100U0Y LL
OMS2=SQRT(CUMS2)

5QLl= G1#x2

S5N2= HS2#%2
S5A3=(0OFG/OMST ) ¥**

S5Q4= Oi"lG/()[—".SZ ) %%

W1 = le- 5Q1

'*“Z = le— HW2
wWHlI={ALF3/7ALFS)—1e
”wZ—(LTH*ALF4/ALF6)—XI
HT1=W51-SQ3% (WS1+5Q1 *ALF3%%2/(ALF1*ALF5))
HRI=WSESZ=-S04% {WS2+5Q2 *ALF4#%2 / (ALF2%¥ALF6) )
HTZ2=1 e+ \JQS\L’WI

FRZ2=XT+ 5G4*wy2

HT3=5QLl% (1l +qu5~wwl)/ALFl
HR3=0Q2% (XTI +5G v’Z)/ALFZ
AT4=]1 o~ QQB

HR4=1 e~ 5Q4

MT5=50Q3/ALF5
HRE=SQ4FETAN®D /ALF 6
PDWI=HT1I#*HATS+HT2*HT3
PDWZ2=HR1I¥HRS+HR 2 *¥HR3
PDLl=HTI+HT3*ALF3
PDZ=ETA¥HR1+HR3I*ALF 4

RT1l= DZERGC#*5S51

RT2= DZERQO#55

RT73= DZERO*5S53

RR2 RT2

RR3 DZERO#5573

IF(ONPeNEsoU) GO TO 21
IF{BKeEQeaC) GO TO 24

KASE = 2

BRG=RBK

IF(KKKeEQel) WRITF(6927)

GO TO 23

KASE = 3

IF(KKKebEUWel) WRITE(H928)

IF (rR1eNEesU) H2 = bwd/ (HR1*HR4)
IF (HR1eNleeQ) T2=DZuRUXPLZ/ (HRI*HR4)
[IF{HTlelQeeU) GO TO 998

H1=DW1/ (HT1%#HT4)
T1=DZERO*PD1/(HT1%HT4)

GO TO 22

KASE = 1

BRG=BK*{ 1o~ OMGH**2/UNPHF*2)
IF(KKKeEQel) uRITL(szO)
PWI=HT1*HT4*BRG
PW2=HR1%HR4*BRG
H1=DWI1*RRG/ (PY1+Dw1)
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C  NEXT EWQUATION CORRECTS LRRORS
H1=DW1*BRG/ (PW1=Dv 1)
T1=DZERO%* PD1*H1/DwW1
H2=DW2*BRG/ (Pw2+Dw2)
C NEXT FQUATIOMN CORRECTS ERRORS
H2=DW2*BRG/ (PW2-DW2)
T2=DZERO*PD2%¥H2/DW?2
22 ST1 = 581%71
ST2 = SS2%T1
PT =(XXK=HL1)¥(YYK=HL) =XXCHYYCoXYKF*FYXK+XYC*YXC
QT == (XXCE(YYK=HL)+Y YTk ( AXR=H1 ) =XYC# Y XK=YXC*XYK)
DTDT = PT%*%2 + QT7%%2
TT1l= STI®*(YYK=HI=-XYC)+5T2%(YYC+XYK)
TT2==(STI*(YYCHXYK)+5T2% (XYC=YYK+H1))
TT3= S5T2%(H1=-XXK=YXC)+5T L* (XXC-YXK)
TT4==(ST2¥ (YXK=XXC)=5STi% (XXK-H1+YXC))

V=1e/DTDT
XSBTC = v (TTL*PT+TT2%4T)

XSBTS = V*(TT2¥PT=TT1%uT)
YSBTC = V¥(TT3*PT+TT4¥QT)
YSBTS = Vs (TT4*PT—=TT3%4T)

IF (KASketEQe3) GO TO 985
HHS1=PW1/(Pul+Dwl)

C NEXT EWUATION CORRECTS cRRORS
HHS1=PW1/(PW1-Dwl)
XJ1=PD1/(PW1+DW1)

C  NEXT EQUATION CORRECT> ERRORS
XJ1==-PD1/(PW1=-DW1)

XSTC = HHS51 *XSBTC - XJI#RT1
XS5TS = HHS1 #XSBTS —~ XJ1*RT2
YSTC = HHS1 *YSBTC + XJI#RT2
¥YSTS = HHS1  #YSBTS — XJLI#*RT1
GO TO 994

998 DD3=DZERC*ALF3/HT2
XSBTC==-DD3%551
X5BTS5=-DD3%552
YSBTC=DD3%552
YSBTS=-DD3%551

985 XSTC=XSRTC
XSTS=X58TS
YSTC=YSBTC

YSTS=YSBTS _

994 FXTC = (KXKH*ASBTCHXYREY SBTCHXACH KOL | 5+XYCHY 55 1 5)
FXTS = (XXKHEX OB T o= XKCEXSETCHXYK®YSHET S=XYCH*Y 50T C)
FYTC = (YXKEXSBTCHYXCHXSBTS+YYK¥YSBTCHYYCHYSETE )
FYTS = (YXK*XSBTS=YXC*¥XSBTCHY YK*YSBTS=YYC*Y55TC)

CQl=14/(1le+ SQ3%Wwl)

CQZ=1la/ (X145Q4%1W2)

XQTC=CRIR (XSTCHALF3*FXTC-ALr 5%wwl*RT1)
XQTS=CQL* (XSTSHALF2X¥FXTo~ALFS5%wwl*RT2)
YQTC=CQLI*(YSTCHALF 3% EYTCHALF 5% 1%R12)
YQTS=CQIX¥(YSTSHALF3*FYTS-ALF 5%y 1%¥RT1)
COl==-ALF1/5Q1
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C  NEXT EQUATION CORRECTS

SQZ1= SQ3/ALF5

XOTC=COL1*(RT1~-FXTC+SUZ1%*XUTC)
XOTS=COLl* (RT2=-FXTS+SGZ1*XGTS)

YOTC=CO1#(=RT2=FYTC+5QZ1#YQTC)

YOTS=COL*(RT1=-FYTS+5UZ1*YQTS)
GO Tw 997

IF ({HR1+bK) eEWeeir)
SR2 =-8852#%T72
SR3 = S§53%T72

PR = (XXK=H2) ¥ {YYK~H2 ) =XXCH*YYC=XYK*YXK+XYC*YXC

QR == (XXCH (YYK~H2 )+ YYC* ( XXK=H2)=XYC*YXK=YXC*XYK)
DRDR = PR#%2 + QR*%*2

TR1 =  SR3*¥(YYK=H2=XYC)+S5R2* (YYC+XYK)
TR2 == (SR3* (YYCHXYK)+SR2% (XYC=YYK+H2))
TR3 =  SR2¥(H2=XXK=YXC)+5R3%(XXC~YXK)
TR4 == (SR2¥(YXK=XXC)=5R3% (XXK~H2+YXC))
R=1le /DRDR

XSBRC = R*¥(TR1*PR+TK2%*QR)

XSBRS = R¥(TR2¥PR=TRI1*WR)

YSBRC = R#¥{TRI¥PR+TR4*GR)

YSBRS = R¥(TR4*PR=-TRI*GR)

IF (KASE.EQe3) GO TU 984
HHSZ2=PwW2/(PW2+DwW2)

LRRORS
HHS2=PW2/ (PY2=D%2)
XJ2=PD2/ (PW2+D¥W2)

C  NEXT EQUATION CORRECTS c£RRORS

997

984

996

XJ2==PD2/(PW2-DW2)

XSRC = HHS2  #XSBRC-XJ2%RR3
XSRS = HHS2 #XSBRS-XJ2#RR2
YGRC = HHS2  #YSBERC+XJI2%¥RR2
YSRS = HHS2 #YSHRS-XJZ2#RR3

G0 TO 996
DD4=DZERO*ALF4/HR2
XSBRC==DD4%*553
XSBRS==DD4*552
YSBRC=DD4#SS2
YSBRS==DD4#*#553
XSRC=XSBRC
XSRS=XGBRE
YSRC=YSRBRC
YSRS=YSBRS

({XXRFEXSBRCHXYKFYSBRCHXXCHXSBRS+XYCHFYSBRS)

BRC+FXYK*YSORE=XYCHYSuRO)

(YXK*¥XSBRCHYXCHXOSBRO+YYK*FYSBRCHYYCHYSBRS)
(YXRFXODBRLU=YXCHXSBRCHYYK¥YSBRS-YYC*Y 50KC)

XBRC = XSRC=-XSbRC

XBRS = XSRS=-XSBRS

YBRC = YSRC~YSBRC

YBRS = YSRS=YSBRS

XBTC = XSTC - xX5BTC

XBTS = XSTS - XSBTS

YRTC = YSTC = VSRTC

Y875 = YSTS - YSBTS

FXRC =

FXRS = { KXK¥XOBRO=XXCHAS
FYRC =

FYRS =

EAXI=ETA%XI

XQRC= CQZ*¥(EAXI#*XORCHALF4*FXRC=ALF6* W W2%RR3)
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XQRS= CQ2*¥{EAXI#XSROS+ALFL4¥FXRS~ALF6*WW2%RR2)
YQRC= CQZ¥{EAXI*YSRCHALF4XFYRCHALFOEX w2 %RIK2)
YQRS= CQ2*¥(EAXI#YOSRO+ALFA4*¥FYRS—ALF6*WW2%RR3)
CO2==ALF2/(XI1%*5u2)

SQZ2= ETA*SQ4/ALF6
XORC=COZH¥{ETA®RRB-FARC+HSUZ2¥*XCRC)

XORS=CO2% (ETA*RR2-FXRS+SQZ2%¥XQRS)

YORC=CO2* (—ETA¥RR2-FYRC+5QZ22%YQRC)

YORS=CO2#¥ (ETA*RR3~ FYROL+SULZ¥YQURS)

XCl1)=e5% (XBTC=XBRC)
YC(1)=eb%{YBTC-YBRC)
XS(1)=e 5% (XBTS=XBRS)
YS5(1)=e 5% (YBTS-YBRS)
XC(2)=e5* (XBTC+XBRC)
YC(2)=e 5% (YBTC+YBRQ)
XS(2)=eD*(XBTS+XBRS)
YS(Z2)=eb*(YBTS+YBRY)
XC(3)= #5#(XSTC=-XSRC)
YC(3)= «5%(YSTC=YSRQ)
XS(3)= #5%(XSTS-XERO)
YS(3)= «5%¥(YSTS-YSRS)
XCl4)= «5*{XSTC+XSRQC)
YC(4)= 5% (YSTCHYSRCH
XS(4)= o«5%(XSTS+XSRY)
YSU4)= o5%(YSTE+YSRE)
XC(5)= #5%(XOTC-XORC)
YC(5)= #5#({YOTC-YORC)
XS5(5)= «5%(XOTS=XORSG)
YS(5)= «5%(YOTS-YORS)
XC(6)= o«5%(XOTC+XORC)
YC(6)= 5% (YOTC+YORC)
XS(6)= ¢5#(XOTS+XURS)
YS5(6)= o5*(YOTS+YURDS)
XC(7)= XC({3)=-XC(1)
YC(7)= YC(3)=-YC(1)
XS({T7T)= XS(3)=XS(1)
YS(7)= YS(3)=-Y5(1)
XC(8)= XC(4)=-XC(2)
YC(8)= YC(4)=-YC(2)
XS(8)= XS(41)-XS(2)
YS(8)= YS{4)=-Y5(2)
XC(I9)= «5% (FXTC=FXRC)
YC(9)= «5%(FYTC-FYRC)
XS(I)= «5¥ (FXTS=FXRS)
YS(9)= «5*(FYTS=FYRS)
XCL1U)= «5*¥(FXTC+FXRC
YC(1U)= «5*¥(FYTC+FYRC
XS(1u)= 5% (FXTS+HFXRS
YS({10)= 5% (FYTS+FYRS
XC(11)=e5% (XQTC=XGRC)
XS(11)=e5#(XQTS=XGRS)
YC(Ll1)=e5%(YQTC-YQRQ)
YS(11)=e5¥%(YQTS-YQRS)

— e
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79

990

Q70
983

982
981

50

41

411

42

XC{12)=e5% (XQTC+HXQRC)
XS(12)=ab% (XQTSHXURD)
YC(L2)=a5% (YQTC+YLRC)
YS(12)=ebh%{(YQTOH+YQRS)
WRITE(6479) OFG

FORAAT(IH /4X 9 8HONMEGA = sE1le4)
WRITE (6+99U) ONSL

FORMAT( 5Xs 7THONST = sFElle4)
WRITE(AsT716) OMSY
FORAAT (55X s THOMS1 = 9L11le4)
AWRITE(6940)

FORMAT (44X s 6HMAX(A) s L4XsOmimIN(B) 9 12X s ICHAXTS ANGLE 10X s 1LHPHASE AN
1GLESIH /7))

NO BU M= 1s12 .
D= XCUM) %2+ XS(R) %24+ YC(M)*%24+ YE(M)#*%2

E = D = 2e#YC(iM)*%2= 24%YZ (M) #%2
G = Ze®{XCOA)YRYC i)+ Xo (M) ®EYS(M))

AX(M)Y= SURT{LeH% (D +OGRT(E #3240 *#%2)))
BXOA)= SQRT{C«5%#(D ~0AdRTI(E *%2+0 #¥%2)))
IF ((G+LE) eNEeelU) GO Tu 97U

ANGL = &0

GO TO 983

ANGL = ATAN2(GsF)

ALPIMY = 2B464789%ANGL
ALPP(MI=ALP () /5T7e2%9 70

ARC1 EXSm) RCUSTALPR (MY )+ YS{M)®SINCALRPR (1))
ARCZ2=XC () ¥ COSTALPR (i) Y +Y M) ¥SIN(ALPPRP (1))

IF ((ARCI+ARC2) eNbeeou) GO TO 982

ANGLZ = L

GO TO 981

ANGLZ = ATAN2(ARCLIARC2)

FIJUM) = 574295 T80¥ANGL2

FIJGi)y=rTJdtm)=ALP ()

IFINNXeNEeY) GU TU 50U
WRITE(69194)D9E969ARQ19HRC29Y5(10)9ANGL9ANQL2
VRITE (69194) XCUMY 9ROt ) o YC (M) o Y5 (M) sALP (M) s ALPP () s FIJ (M),
JAX () o 3X (M)

CONTINUE

FABGL=uK*¥AX (1)

FBBGLI=BK*BX (1)

FABG2=bK*¥AX (2)

FRBBGZ2=uK*¥BX (2)

WRITF(6941)

FORMAT(9X s 18HMASS DISPLMT RATIO)
WRITE(69411)IAXI5) 9 BX(5) s ALPIR)SFIJ(5B)
FORMAT (14X e9HBEARING 1518XsE11e493F20e4)
WRITE(Os4Z)AXIE) sBXI6)»£LP(6)sF1J(6)
FORMAT (14X s 9HBEARING 2s18Xsb1let4s3E20e4//)
WRITE(6943)

FORMAT (9X 9 19HJOURN DISPLIMT RATIO)
WRITE(O6s411)AX(3)s83X(3)sALP(3)sFIJ(3)
WRITE(6942) AX(4) 93X (4) sALP(4)sFIJ(4)

-47-



A

715

4.5

46

47

48

194

987
113

113
61

WRITE(6+715)
FORMAT(9X 9 23HUNBALemALS D1ILPMT KATIO)
WRITE(69411) AX(11)soX{11)esALP{11)sFIJ111)
WRITE(6942) AXT12)s0X(12)sALP(12)4FIJ(12)
WRITFE(645)
FORMAT(9X s 17THARG DISPLHMT RATIO)
WRITE(69411)AX (1) oBX(L)YsALP(1)sFIJ(1)
WRITE(6942) AX(2)eBX{2)sALPI2)sFIJ(2)
WRITE(6946)
FORMAT (9X o 23HREL guUinin DIGPLMT KATIS)
WRITE(E a4 LL)AXIT)Y sLALT)Y s ALRP(T)SFIJ(T7)
WRITE(6942) AX(8B)sBX(8)sALP(8)sF1J(8)
WRITE(647)
FORMAT(9X s LTHFILM FORCL RATIO )
WRITE(6s411)IAX(9) o BX(2) sALP(9)sFIJ(9)
WRITE(6s42) AX(L10)sbBX{1I0)YsALP(IZ)FIJ(1ID)
WRITE(6448)
FORMAT(9X s ZUHPEDESTAL FURCE RATIG/Z/)
WRITE(Hs411)IFABGLeaFIsuGlenslP(1)eFIJ(1)
WRITE(6942)FA3G2eF0bBO2sALPI2)sFI1J(2)
OMG=0MG+DiG

IF(NNXeNEL9) GO TO 3
WRITE(69194)AL¢19ALVZ9ALF39ﬂLF495319532935395193&9ALF)
WRITEA62194)ALF 6 - XJLoXJ2sH1oMH2e T1eRT1elRT2eRT390LERT
WARITE(O69194)STLaoTd ok sikhdsP sl sl Ll sl 1 loitdel 13
WRITE(O o194 TTa4 eV aXobiCo Ao I Ha Yo TCaVobBToeA0T e T o oTCearoTS
WRITE(64194)DD3 ARGTCsAUT oo VUTCHYOTH 129 R0 0RI PR
WRITE(S69194)QRsURDR s TRL s TR2 9 TR0 TING s 9 A RC e XS5 s ¥ i
WRITE(64194)YSERS s XGRC s XORLsYLHRCHY SRS o DUVA s XURCeXuko s YulkCoYulin
WRITE(64194)XBTCoXBTos Y TCoYiiToe XORC e XORO s YURC s YURL o FATC
WRITE(E 91941 FXTSaF Y TCar YT e XRCyFARE SFYRCSFYRS
WRITE(69194)S0165Q20 W3 900451 e 02eHTLaHRL 9w lonid
WRITE(G69194)IHT 2 9HRZ2 oA TS o tR D s riTh obiRa o T HoiiRB s L Lo s
WRITE(()’I"J@)PD.L’PUZ soRUestrilenZ2eTLlea Tl el elePi2eriHG]
WRITE(O 9194 HMHSZ e Wl s Cud e CUL oLl uTCondinsYulCovuiosaun
WRITE(O6 919G )XWk s YWROsUNS Leauinszelridl sUinnl auiis
FORMAT (1GE1244/ /)
CONTINUE
GO TO (1159112113 )sLARF
STOP
END

FORTRAN DECK

INCODE IBwMF
SUBROUTINE CONSTIXXKaXXT s XY aXYCoYXile VACSYYRoYY()
DIMENSTON pHI(4)9XC(4))XQ(4)9YC(4)9Y5(4)9AKFA(4)9FY(4)
COMMON NNsA(&4)sbB{4) sALFA(L) sFI1(4)
GO TO (619629113461 852+61e62) oliN

STOP
DO 1C0O K=ls4
AXFA(K)Y=ALFA(K)*CaU17453
FY(K)=FI(K)®0a017453

PHI(K)=AXFA(K)+FY(K)

XCOK)=A(K)#COS (AXF AR ) ®*CUSIPHIRK) )+ (R) XS TN LARFA () )XSTRAPHIIR))
XSEK)Y=A(K)#COSAXFA(R) ) FSINIPHI(RK) )= (KR I#STHTAXFAIS) )*COS(PHI(K))
YC(K)=A(K)*SIN(AXFA(K))*LOS(PHI(K))—H(R)*CU:{AXFA(A))*bIN(PHI(K))
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100

62

63
64

YS(K)=A(K)*¥SIN(AArACK) )*¥SINIPHI (K) )4+B(K)#COSIAXFALK) ) %¥COS(PHI(K))
CONTINUE

GO TO 64

DO 63 KK=1ls4

XCKK)= A(KK)*COS(B(KK)#*#04017453)

XS(KK) =A(KK)I#SINIBIKK)*C«017453)
YC(KK) ==ALFA(KK)*SIN(FI(KK)I*(0eD17453)
YSIKK) = ALFA(KK)*COS(FI(KK)*0e017453)
CONTINUE

P=XClL)*YC(3)=YS(3)*XS(1)=XC(3)*YCTL)+XS(3)*YS5(1)
Q=XSEL)*¥YC(3)+4YS(3)#XC(L)=XS(3)%YC(1)=Yu(1)*¥XC(3)
AAL=YC (1) ¥XC(4)=YS{L1)*XS5(4)=XCL2r*YC(3)+XS5(2)*YS5(3)
AAZ=YS (1) *¥XCL4)+YC (1) %XS5(4)=XS5(2)#YC(3)=YS5(3)%*XC(2)
BBL=XC(3)*XC(2)=XS(3)%#X5(2)=XC(1)*¥XC(4)+XS5(1)*¥XS5(4)
BB2=XS{3)#XC(2)+XC(3)%¥X5(2)=X5(1)*XC(4)=XC(1)*XS5(4)
CCl=yYC(L)*YC(4)=YS(L)*¥Y5(4)=YC(3)*YC(2)+YS(3)*Y5(2)
CC2=YS (L) *YC(4)+YCIL)*Y o 4)~YCI3)*YS(2)=YS(3)*YC(2)
DDI=XC{3)%*YC(2)=XS(3)*YS5(2)=XClL)*YC(4)+X5(L)*YS(4)
DD2=XS(3)*YC{2)+XC3) %Yo (2)=XS{1I1*YC(4)=XC(L)*YS(4)
DELTA=P#x2 +Q¥%¥%2

W=le/DELTA

XXK = W (P*AAL+Q*AA2)
XXC = W¥(Q¥AAL-P*AA2)
XYK = WH*(P*BR1+Q*BB2)
XYC = W*(Q*BB1-P*BB2)
YXK = WH*(P¥CC1+Q%CC2)
YXC = WH*(Q®¥CC1-P*CC2)
YYK = W¥(P*DD1+Q%DD2)
YYC = WH(Q*DD1-P*DD2)
RETURN

END
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APPENDIX C

ROTOR RESPONSE EXAMPLES
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ROTOR RESPONSE EXAMPLES

The following computations are to be made and a listing of the input cards

for them is presented in Appendix D,

1. Experimental data for bearing constants

9 =100, &w = 300, N, =6

,x1| = 6,324 b, = -TL.57 ‘Yl = 5.0 By = -53.13
Fxﬁ = 72.11 Breg = 77.82 lel = 154.6 bgp1= .10-35
l — — —
ile = 3.606 ¢, = 33.68 | ¥y | =  6.403 by = 231.3
Fxﬁ = 37.35 by = 64.6 IFyz = 97,27 e = -25.18
The output gives that:
- = 5.715 B = -2.416 C = 6.877
o = 4-051 ng 5.715 Y xy
B = 7 C =6. K = -1.756 C =18.80
ny 9.667 cyx 6.820 oy gy
2. Experimental data for bearing constants
a; = .2269 b, = .1244 qp = -4 ¢, = -68.14
a, = .3 b, = .2855 a, = -75.8 0y = 175.5
a, = .5521 by = .3019 ag = -45.3 ¢3 = -90.54
a, = .7785 b, = .6174 oy = -78.97 9, = 156.8
The output:
K = t =- K = -2.438 C = -5.748
K = 3.766 c 6.572 Xy Xy
T - T =- K = -1.142 C__ = -8.290
ny 4.660 cyx 5.589 - vy
3. Dynamic analysis:
K. =3.647, C.__ = -6.62, K = -2.542, C__ = -5.674
XX XX Xy Xy
K. =454, C_ =-5.674, KR__ =-1.279, C__ = -8.234
Xy vy
£= .5, 7 .5, g5 = Q57 = 0y7 .2, Awnsl =0
U5 = Qgg = Qgg = .1, el T Upsl - 1414.2,
ap = 200, k = 15, 8, =2, 8 =1,

a) stability and unbalance calc.

b) stability and unbalance calc.
¢) stability and unbalance calc.

(rigid pedestals).
(zero bearing masses).
(flexible pedestals).
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4, Stability and unbalance calculation

a) K_=1,93, C_ =16.13, K =8.26, C__ = 2.93
XX XX Xy Xy
K_=-6.94, C_ =344, R =3,34, C_ = 14.7
yx yx vy Yy _
b) R =10.89, & =31.88, R =17.09, C__ = 10.60
XX XX XV Xy
K =-5.68,C =11.49, K =10.82, C = 18.04
yx yx A 4 yv
¢) K _ = 44.26, C_ = 76.93, ny = 41.68, cxy = 24,02
K =.233, C_ =26.28, K = 24. C = 24.
- > Cox - 24,42, cyy 24,74

Rotor: Weight = 7,13 1b., I = 746 x 107 1b-in-sec™?

b =12,08, nb = 19, dia. 1.25

Therefore, using appendix E,

" 1/2
=l = 9005 x 107 = |25746 x 10 - 1.05
9.25 x 10 ° x 146
. ‘
n=1.57, I = = 119, E = 30 x 10°
64
25 x 10°% x 1.05 x 1.78 x 10° -7
Ogg = é . = ,546 x 10
24 x 30 x 10 x .119
_ -7
Ugg = +52 % 10
325 x 2.57 x 1.78.x 10° -5
qpq = = = 1.74x 10
24 x 30 x 10° x.119
_ - .-5
1.78 x 10° 497 -5
agy = == = = .513 x 10
48 x 30 x 10 x .119
1.78 x 10° 57 x .05 -5
= = X2l X - = .118 x 10

12 x 30 x 106 x 119
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1/2

Woel 1 3 -3 = .38l x 105
9.25 x 10 © x 1.066 x 10
_ 378 _ -3 _ _
m =g T .98 x 10 80 = 81 = ,019
1/2
CI 3 L 3 = ,65 x 104
.98 x 10 7 x 2.415 x 10
W _ 4
Assume W = Aw = 100 and C = .005, or c- 2 x10
Then,
Asg = .001096, a56 = ,00104, a77 = ,348, a78 = .135
Oy, = .1026, Qgg = .0236, 6y = 3.8 = 61

Remark: In the example 4, the value of £ is so close to 1 that the shaft natural
frequency became unrealistically high. In such cases, it is suggested that the

value of § be chosen so that the particular frequency,wnsl orw. become a

52’
realistic value. For example, if one finds that the first natural frequency of

the hinged-hinged shaft is 2,850 rad/sec., it implies that a55 + a66 = ,134 x 10'4,

and therefore, § = ,385,

The results may be put into figures as done in Ref. (3) and (4).

5. A cylindrical bearing with L/D = 1 has the following values for the parameters:

1) s =.1
K = 2.95 C =5.7 R = 3,35 C =1.66
XX Xy Xy
K =-.12 C =1.6 R =2.0 C_ =1.9
yx yx vy vy
ii) S = .3
K =1.5 C =6.8 R =3.6 C  =2.2
XX XX Xy Xy
K _=-2.2 C =2.3 R =2.1 C__ =5.5
yX yX vy yy
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iii) S = .5

K =1.36 C_=8.9 K =15.0 C = 2.0
XX XX Xy Xy

K = -3.7 C_ =2.2 R =2.18 ¢C = 8.0
yx yX vy vy

iv) S =.,8

R =1,22 C = 11.5 K _=7.0 C = 2.0
XX XX Xy Xy

K = -6.0 C =22 R =2.19 ¢ = 10.6
yx yx vy vy

a) Make a stability chart for the bearing.
b) A 7.13 1b rotor has the first natural frequency of 2,850 rad/sec with
hinged-hinged ends. Find speeds at the threshold of instability. Assume
C. = .0015, D =1.25, u =12 x 1078,
Knowing the natural frequency of the rotor, one finds g + e = 134 x 10-4 and
compute & = .385 using the formulas in Appendix E.

With various values of &5 a stability chart (Fig. 9) is obtained. Then the line

for o = .135 x 10-4 is cross plotted as shown by a dotted line (Figure 9).

6. A test rig has the following specifications:

Rotor: Weight = 7 lbs., b = 12.5, D = 1.25", first critical speed = 2,840 Rad/sec.
Bearings: 800,4 shoe tilting pads, L/D =1, C'/C =1
CD = ,003", u=28.3x 10-8 lbs.-sec./in.2

Load: 5 1bs.
Unbalance Mass: Weight = ,378 lbs.

Eccentricity = ,00095"

nb=19"
Make response calculations for 500 < w < 4000

Input Preparation:

M = .00875 , o= 1/Mn? = .141 x 107
R AN . = I pf .
a=ga=ag+ Ugg = .47 I=¢zD =.12
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Figure 9. Stability Chart for Example 5.
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3
Using a =72 { @ -tH+r -0 2- a-0?)}

One gets &€ = .385

Hence
&55 = .0258 Qg = 0216
&57 = -.0293 &58 = -.0226
Qg = 0593 Qg = .0231
8/Cp = .633

For bearing parameters, one may use data given in Air Force Technical Report,
AFAPL-TR-65-45. There the spring and damping coefficients are plotted as a function

of Sommerfeld number. For this example,

S = .,00713w

Thus, for a given w, K and C are obtained.

The results may be plotted as in Figure 10.
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APPENDIX D

LISTING OF INPUT CARDS FOR EXAMPLES
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HARMONIC DATA
5 66324
72611
34606
37435
ELLIPTICAL DATA
4 2269
3
5521
«7785
TEST RUN NQOe3
3 36647
4e54
5
o0
5 o2
2e
5
0
5 2
2e
5
200,
5 2

2e 2

TEST RUN NOe 3A

3 193

-6e94

(EXAMPLE
-71e57
7782
33468
64460
(EXAMPLE
01244
2855
*3 19
06174
IT +
-6e62
5e674
o2

o0

2e
2

15

2e
o2
15.

1613

3044

2)

ol

«0

ol

+0

ol

0

Se
15446
6e403

97627

~44 4
~758
-4543

~78¢97

ITI(EXAMPLE 3)

~24542
~1e279
ol
2 2
o2
100
ol
2 2
02
100¢
ol
1 2
o2
100,

(EXAMPLE 44)
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-53613
10635
23143

-25418

~68e14
175,489
~90454

156479

-5e674
-84234

141442

ol 1
300.

141442

ol 1
300

141442

500

ol

300

2493

l4e7

41442

6

41442

6

141442



3

1405

Y

le57

3.8

TEST RUN NO. 3B

10.89

~5e¢68

1,05

)

1657

3.8

e 1096
«0
0348 e135
3.8 «0
( EXAMPLE
31.88
1149
o 1096
o0
348 135
3.8 0

TEST RUN NOe 3C

3 44426

3

1

le

o0

233
«05
0

57

CrL
2695

-el2
385

385
«0

«385
0

«385

«00104
1 2
01026
5000
48)
1709
1082
«00104
1 2
«1026
5000.

(EXAMPLE 4Q)

76493 41.68
26428 24042
e 1096 «00104
0 1 2
0348 e135 «1026
3.8 «0 5000.
1 S = «1 (EXAMPLE 5-1)
Se7 3035
1.6 2e
« 15 «013
0 2 1
03 2026
0 2 1
«06 «052
o0 2 1
15 13
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38100«

«0236

4000»

10e6
1804

38100

«0236

4000+

24402

24e74

38100

+0236

4000

le66

149

2840

2840¢

2840

2840

6500

6500

12

6500

12



0
«385
0
cyL
le5
-242
*385
o0
¢385
«0
«385
«0
«385
0
«385
o0
CyL
le36
-3e7
«385
0
*385
0
«385
o0
«385
«0

385

L/D =

L/0

1

Y 2 1
o &5 «39 2840
o0 1 1
S = e3 (EXAMPLE 5-2)
68 346 2602
23 2e1l 55
15 «013 2840
0 2 1
«03 «026 2840,
0 2 1
«06 «052 28404
0 2 1
15 13 2840
0 2 1
045 39 2840
«0 1 1
1 S = ¢5 (EXAMPLE 5=3)
8e9 56 2002
262 26018 8e
15 «013 2840¢
0 2 1
«03 «026 2840,
0 2 1
006 «052 2840
0 2 1
15 ol3 2840,
0 2 1
45 e39 2840
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o0
cytL

1422

385

o0
385
0

385
o0

385
o0

385

«0

oL
L/D = 1
115
262
15
o0
«03
o0

006

el1l5
o0
045

o0

S =

-63~

8

1

(EXAMPLE

Te

219

013

«052

13

1

026

39

5-4)

10e6

2840.

2840,

2840,

2840¢

2840.



| . (EXAMPLE 6)

3MIL TESTRIG&4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=530RAD/S 5=0.364

3 1.7 3e5
l1e7 345
«385 «0258 0216 28404
.O . .O 1 »
633 e632 eC 530
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=898RAD/S S=0.64
3 le6 Le?2 '
le6 bLe2
385 «0258 <0216 2840,
o0 o0 1
1657 -e0293 -e226 «0593 0231 6620
633 " «633 o0 898
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=1258RD/S $=0.896
3 le5 445
1le5 4o
«385 «0258 «0216 2840
o U e 0 1
1e57 -e0293 ~e(226 «0593 «0231 6620
] «633 .633 .0 12584 80U 8
} 3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 wW=5 LB OMEG=1611RD/S S=1415
3 104 50
: led 5e
‘ «385 «0258 «0216 2840,
| Xt :
| 1e57 -e0293 ~e0226 «0593 «0231 6620
\ «633 e633 «0 1611
} 3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=1980RD/S S=1l.41
' 3 le 6e
le Ee
«385 0258 «0216 2840
e 0 o U 1
1e57 -e0293 ~e0226 0593 0231 6620
633 633 e C 1980
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1+432 W=5 LB OMEG=2160RD/S S5=1l.54
3 97 6e5
97 6e5
«385 «(258 0216 2840
1
le57 -20293 -e0226 "~ #0593 0231 6620
«633 633 e 0 2160 .
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=2300RD/S S=1l¢64
3 96 Te
«96 Te
«385 0258 e 0216 284G
o0 o U 1
1e57 -+0293 -e0226 e0593 0231 6620
«633 633 eC 2300
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=2800RD/S S=2.
3 «9 75
9 Te5
385 «0258 0216 2840
oV o0 1
1.57 -00293 —’00226 0059? 00231 66200
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«633 «633 0 2800 :
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=330nRD/S S=2e36

3 085 8.
085, 8e
385 «0258 «0216 2840
oO oo 1
le57 -e0293 -elU226 | «0593 e231 6620
e633 «633 e 0 3300
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1.432 W=5 LB OMEG=3800RD/S 5=2471
3 75 10 '
75 10
«385 «0258 G216 2840,
o0 o0 1
1.57 ~e0293 -2 0226 0593 «0231 6620«
633 633 0 38004 '
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5H LB OMEG=4300RD/S 5=3.06
3 o7 105
o7 1045
385 0258 0216 2840
.O .O 1
1e57 -e0293 -e0226 « 0593 «0231 6620
633 «633 e 0 4300
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=48C0ORD/S $=3442
3 67 11le.
67 11l
«385 «0258 0216 2840
.O .O 1
e633 «633 o0 4800
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMEG=5300RD/S $=3,78
3 6 13, )
6 13,
«385 « 0258 0216 2840
.O .O 1
1057 —00293 "00226 00593 00231 6620.
633 «633 o0 5300
3MIL TESTRIG4SHOE TILT C/C=L/D=1 L/B=1e432 W=5 LB OMFG=58C0RD/S S=4.14
3 6 14,
.6 14.
385 «0258 e U216 2840
3
1.57 -e(293 -e0226 « 0593 0231 6620
« 633 $633 o0 5800. 400 6
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APPENDIX E

INFLUENCE COEFFICIENTS FOR UNIFORM ROTOR
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The influence coefficients of uniform hinged-hinged beam is readily obtained

from the strength of materials. 1In the following E is the Young's modulus

and I is the area moment of inertia,

1 For E<1 and 1 =1
9.2
_ (1-¢ 3
Xe5 = T48ET b
a, = LY 542
56 48ET1
‘2
-1 +1 3
oz77 - 24ET b
2
_ (q-1 3
@8 = "2Er P
- . G- (148 [- 2] 3
(157 9€ET 4 (1+§) b
_ 1D (A-8) [, 1827 13
Feg = ~ 96ET 4-1-9) ]b
11 For E>1,7>1 and 7>E ,
& _1\2/¢.._1\ 3
= s [ S -
%55 24ET
2
56 24E1
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o =
77 24E1

O, = Q———'l)z b3
78 24E1

%57 = 48ET [@-5° - @-1° + G-EPE-D]

58 = 261 (M-L(&-1)

111 For £E<1,n7<1 and N>&
I 5 S
55 48EI

2 3
o = BT 1, 52

56  48EI
2

o - Ll:ﬂil— b3
77 48ET

2 3
- 2
®78 = T 4BEI [2-a-m* ]

S, = ADA) 462 L am?)

a-pa-& 3 2 2
%58 = “g6ET b [4-(1=H - (1-n" ]

For cases where 1) < £, one merely interchanges & and 1 in the above formulas.
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